A photovoltaic ͑PV͒ device based on "high-work-function metal/single-walled carbon nanotube/ low-work-function metal" hybrid junction has been studied theoretically by the self-consistent nonequilibrium Green's function approach. The PV effect and power conversion efficiency ͑͒ of the device under light illumination are simulated, with a monochromatic of higher than 40% for incident photon energies near the nanotube band-gap energy predicted. It is shown that the gate voltage and gate oxide thickness have an important influence on the device . © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3136905͔ Due to their unique structure and outstanding properties, single-walled carbon nanotubes ͑SWCNTs͒ have been intensively studied to explore their potential in nano-optoelectronics.
Due to their unique structure and outstanding properties, single-walled carbon nanotubes ͑SWCNTs͒ have been intensively studied to explore their potential in nano-optoelectronics. [1] [2] [3] They are considered as a highperforming building block for photovoltaic ͑PV͒ applications. An almost defect-free structure and a strong quantum confinement effect for SWCNTs can decrease the recombination probability of carriers and prolong the relaxation time of carriers. 4, 5 A wide band-gap distribution enables SWCNTs to match the whole solar spectra and enhance the light absorption. Furthermore, all semiconducting SWCNTs have direct band gaps, making the photoexcitation easier. The photoelectric conversion characteristics of individual-SWCNT p-n junctions have been studied. 2, 6 However, the difficulty for controllable doping in SWCNTs and the performance degradation due to the impurities and defects caused by doping limit the power conversion efficiency ͑͒ and the practical application for SWCNT p-n junctions. The optimized structure for a PV device is therefore indispensable.
In a previous study, a PV device based on a "high-workfunction metal/SWCNT/low-work-function metal" configuration had been developed. 7 In the device, a directed array of monolayer SWCNTs was nanowelded onto two asymmetrical palladium ͑Pd͒ and aluminum ͑Al͒ electrodes, which have high and low work functions ͑⌽͒, respectively, to result in a PV effect. Under illumination, the device shows a high . Here, we present theoretical performance estimates for this kind of PV device. A self-consistent nonequilibrium Green's function ͑NEGF͒ in a real-space approach is used to simulate the device. The influence of the gate voltage and gate oxide thickness on the device is evaluated. Figure 1 shows the modeled PV device. The device system is considered as consisting of a ͑11,0͒ zigzag intrinsic SWCNT ͑i.e., diameter= 0.9 nm͒ with 50 nm long and two asymmetric SWCNT/metal junctions. The SWCNT is described by a tight-binding Hamiltonian with one p z orbital per grid and the nearest-neighbor hopping parameter of t 0 = ប 2 / 2m ‫ء‬ a 2 , where m ‫ء‬ is the effective mass of the electron and a is the thickness of the grid slice, which is set to doubled carbon-carbon bond length. The coupling between SWCNT and metal electrodes is treated as the open boundary condition of the SWCNT subsystem. The monochromatic illumination of 100 W / cm 2 vertical to the substrate is applied, which is assumed to have an electric field direction parallel to the SWCNT axis. The device is simulated at room temperature.
In the simulation, the Pd Fermi level is set to be located at the top of the SWCNT valence band, and the Al Fermi level is set to be 0.1 eV below the bottom of the SWCNT conduction band. The electron-electron coupling between the metal and SWCNT at two junctions and the photon-electron coupling are described with the self-energies ͑⌺͒ in the Green's function equations. In our simulation, the excitonic effect is neglected. This neglect is reasonable considering that the doping due to asymmetrical metal contacts and the use of SiO 2 substrate environment in our device will screen the excitonic effect and largely reduce the electric field needed for full exciton disassociation according to previous theoretical and experimental studies, [8] [9] [10] 2 which enables a large majority of excitons in our device to be disassociated under a built-in electric filed. To obtain the I-V characteristics, the self-consistent calculation between the Poisson equation and the Green's function equations for the device system is conducted. The detailed simulation process is described as follows.
The retarded Green's function of the SWCNT can be expressed as
where is an infinitesimal broadening, I is the identity matrix, H and U are the tight-binding Hamiltonian and electro- static potential of the SWCNT, and ⌺ L,R denotes the selfenergies of the left and right metal contacts. The ⌺ ph in Eq. ͑1͒ is the self-energy due to the electron-photon coupling, which can be expressed as 11
where ⌫ ph is the broadening function due to electron-photon coupling,
where ⌺ ph in ͑E͒ and ⌺ ph out ͑E͒ are the in-scattering function and out-scattering function, respectively. To derive the ⌺ ph in ͑E͒ and ⌺ ph out ͑E͒, we use the perturbation Hamiltonian matrix H 1 = e / mA ជ · p , where p is the electronic momentum operator, A ជ is the time-dependent electromagnetic vector potential, and m are the electron mass. 12 Thus, the ⌺ ph in ͑E͒ and ⌺ ph out ͑E͒ can be written as
where k and q are the layer number of the grid slice, M lm = Ϯ ␦ lϮ1,m , and ␣ = e 2 a 2 ␥ 2 F / ͑2បc 0 ͒, wherein a is the thickness of the grid slice, ␥ is the coupling strength of adjacent carbon atoms, c is the speed of light, 0 is the vacuum permittivity, and F is the photon flux.
The electron correlation function in Eq. ͑4a͒ can be expressed as
and the hole correlation function in Eq. ͑4b͒ is expressed as
where f L,R is the Fermi-Dirac function of the left and right metal contacts, and
is the broadening function of the left and right metal lead contacts.
The surface electrostatic potential ͑U͒ of the SWCNT in Eq. ͑1͒ can be computed from the 2D planar Poisson equation with the SWCNT treated as a 1D dielectric, 13
where the coordinate axis x is along the SWCNT axis and the coordinate axis y is perpendicular to the insulator planar, the is the permittivity, the U is the electrostatic potential on the SWCNT surface at the nanotube/insulator interface, and the Q is the volumetric charge density,
where E m͑j͒ is the mid-gap energy value and j is the layer number of the grid slice. In the calculation, at a given bias voltage, for the case in dark the self-consistent Born loop between the U and Q iteratively solves Eqs. ͑1͒ and ͑5͒-͑7͒ with ⌺ ph = 0 to obtain the electrostatic potential U, whose initial value is taken from Eq. ͑6͒ with Q = 0. Once the self-consistency is achieved, the G͑E͒ in dark is obtained by Eq. ͑1͒. And then the G n ͑E͒ and G p ͑E͒ in dark is given by Eq. ͑5͒. Thus, the dark current can be calculated as
͑E͔͒, ͑8͒
where h is the Planck constant. To calculate the photocurrent, the self-consistent Born loop between the ⌺ ph and G͑E͒ iteratively solves Eqs. ͑1͒, ͑2͒, and ͑5͒ to acquire the ⌺ ph under illumination, whose initial values are taken from Eq. ͑4͒ using the G n ͑E͒ and G p ͑E͒ in dark. Since the density of photogenerated carriers in our device is small due to the use of a relatively low illuminating density, 11 the inner loop between the Q and U is neglected in the above loop process considering the computational cost, which is similar to the treatment in the previous literature 12 and is expected to cause an error in the result less than 5%. 11 With the self-consistent ⌺ ph , the G n ͑E͒ and G p ͑E͒ under illumination can be obtained, and eventually the photocurrent is calculated by Eq. ͑8͒. The above whole procedure is repeated for a series of bias voltages to generate the I-V curve in dark and under monochromatic illumination. Thus, the of the device under specific monochromatic illumination can be deduced. Figure 2 shows the calculated local density of states ͑LDOS͒ and the band profile of the nanotube with and without illumination. As shown in Fig. 2 , the interference pattern is broadened under illumination, which indicates that photogenerated e-h pairs are induced in the SWCNT. It is shown that a steep band bend can be formed in the SWCNT due to the asymmetric contacts. The calculated I-V characteristics at V GS = 0 and t ox = 50 nm in dark and under the illumination with the photon energy of 1.1 eV are given in Fig. 3͑a͒. A   FIG. 2 . ͑Color online͒ The energy and channel position ͑x͒ resolved LDOS of a ͑11,0͒ SWCNT ͑a͒ in dark and ͑b͒ under the illumination with a photon energy of 1.1 eV. The plots are calculated with V GS =0 V, V DS = 0 V, and t ox = 25 nm. The brighter color represents the higher state densities. The white solid lines in the plots show the band profile of the SWCNT at equilibrium.
V OC of 0.523 V and an I SC of 43.15 pA for the device are obtained, and the FF is 0.74. Correspondingly, a monochromatic of 43.1% can be deduced. Figure 3͑b͒ shows the device as a function of incident photon energy at V GS = 0 V and t ox = 50 nm. A maximum up to 43.8% is reached when the photon energy is slightly above the band gap. It is found that for photon energies below the band gap of nanotube, the photocurrent and monochromatic drop rapidly as the photon energy decreases.
The photocurrent in this case can be attributed to the photonassisted tunneling.
14 Due to the fact that the tunneling probability exponentially reduces as the photon energy decreases, the photocurrent and monochromatic correspondingly decrease rapidly. The quantum efficiency of the device can be expressed as ␣ = ͑I ph / e͒ / ͑P op / ប͒, where I ph is the photogenerated current at the short-circuit condition and P op is the optical power delivered to the device. With our calculation, a maximum ␣ of 58.97% can be achieved when V GS = 0 V and t ox = 50 nm. The high efficiency can be attributed to the strong built-in electric field formed in the whole SWCNT.
It is found that the gate voltage has an important influence on the . The maximum monochromatic shows a peak value for a specific gate voltage ͓Fig. 4͑a͔͒. A highest up to 47.88% can be achieved with t ox = L C ͑the SWCNT length͒ at V GS = −0.16 V. Correspondingly, a quantum efficiency of ␣ = 65.82% can be calculated. The for the device with the less gate oxidation thickness ͑t ox ͒ is found to have a stronger dependency on the gate voltage. The influence of the gate voltage can be explained by the calculated band profile of the SWCNT ͓inset in Fig. 4͑a͔͒ . It is indicated that the peak of maximum is reached when the same gradient band bends ͑the same strong built-in electric field͒ at two ends of the SWCNT are acquired. As the gate voltages are changed, a stronger built-in electric field at one end of the SWCNT is acquired, but it is at the price of weakening the built-in electric field at the other end of the SWCNT, which will degrade the . The dependency of on the gate oxide thickness is also studied. As shown in Fig. 4͑b͒ , the maximum monochromatic enhances rapidly with the increase in t ox when the t ox is smaller than the L C and then tends to saturate when the t ox is on the order of the L C or larger. The effect of t ox on the can be attributed to the band-bend regulation due to the competition between the contact-SWCNT coupling and the gate-SWCNT coupling. When the gate oxidation thickness is thin, the channel can effectively image its charges on the gate and the gate has a strong control over the channel, which will make the SWCNT remain essentially intrinsic in the middle and lead to rather flat bands in the middle of the device and large band bend at the contacts. 15, 16 As the t ox increases, the relative coupling of the contacts to SWCNT compared to the gate to SWCNT becomes stronger, 15 causing the injection of more charges into the middle of the SWCNT to form a steep band bend there ͓inset of Fig. 4͑b͔͒ and enhance the .
In summary, a theoretical investigation has been presented for a PV device based on the high-work-function metal/SWCNT/low-work-function metal hybrid junction. The device is simulated by a self-consistent NEGF approach. 
